Introduction
============

Lung cancer was the leading cause of cancer-associated mortalities in males and females worldwide in 2018 ([@b1-ol-0-0-11313]). It was estimated that 222,500 new cases of lung cancer were diagnosed, and 155,870 mortalities due to this disease were recorded in the United States in 2017, accounting for 25% of all cancer-associated mortalities ([@b2-ol-0-0-11313]). The main reason for the high mortality associated with lung cancer is the high metastatic potential of the disease ([@b3-ol-0-0-11313]). Therefore, the investigation of the proteins and signaling pathways that promote the progression and metastasis of lung cancer may contribute to the development of novel therapies for the disease.

Myristoylated alanine-rich C kinase substrate (MARCKS) is an important protein kinase C (PKC) substrate. MARCKS reversely binds to several structural and regulatory molecules including actin, calmodulin and phospholipid phosphatidylinositol 4,5-bisphosphate ([@b4-ol-0-0-11313]). MARCKS is implicated in a number of biological processes such as phagocytosis, membrane trafficking and secretion of mucin ([@b5-ol-0-0-11313],[@b6-ol-0-0-11313]). Furthermore, the role of MARCKS in regulating mucin secretion in airway epithelial cells has been extensively studied ([@b5-ol-0-0-11313]). The actin-binding property of MARCKS suggests that it may be involved in the regulation of cell adhesion and mobility. In fact, MARCKS was implicated in the migration of neutrophils ([@b7-ol-0-0-11313]), vascular endothelial cells ([@b4-ol-0-0-11313]) and smooth muscle cells ([@b8-ol-0-0-11313]). MARCKS serves an important role during embryo development. Blockade of MARCKS protein expression in *Xenopus* and zebrafish embryogenesis resulted in defective morphogenetic movements of gastrulation by affecting cortical actin formation and cell adhesion, protrusive activity and polarity ([@b9-ol-0-0-11313],[@b10-ol-0-0-11313]). Therefore, MARCKS may serve as a novel biomarker and therapeutic target for cancer, as metastasis is associated with changes in cell morphology and cell migration. Upregulation of MARCKS has been shown to promote the progression of several types of cancer, such as prostate cancer ([@b11-ol-0-0-11313]), osteosarcoma ([@b12-ol-0-0-11313]), breast cancer ([@b13-ol-0-0-11313]), ovarian cancer ([@b14-ol-0-0-11313]) and hepatocellular carcinoma ([@b15-ol-0-0-11313]).

MARCKS like 1 (MARCKSL1) is another member of the MARCKS family ([@b16-ol-0-0-11313]). It is an important cellular substrate for PKC and serves as an actin binding protein ([@b16-ol-0-0-11313]). The effector domain, which allows MARCKSL1 to bind to actin, shares 87% homology with the corresponding domain in MARCKS ([@b17-ol-0-0-11313]). Both MARCKS and MARCKS1 have been associated with migration of breast cancer cells ([@b17-ol-0-0-11313],[@b18-ol-0-0-11313]). Deletion of MARCKSL1 prevents neural tube closure in the developing brain in mice, an event dependent on actin binding, cell elongation and migration ([@b19-ol-0-0-11313]). MARCKSL1 is upregulated in breast cancer tissues compared with normal tissues and is associated with poor prognosis ([@b20-ol-0-0-11313]). Jonsdottir *et al* ([@b21-ol-0-0-11313]) reported that the level of MARCKSL1 protein expression is a strong prognostic indicator in lymph node-negative breast cancer. Patients with high MARCKSL1 expression exhibit a 50% lower survival rate compared with patients with low expression. Furthermore, knockdown of MARCKSL1 *in vitro* using siRNA decreases the migratory potential of breast cancer cells ([@b22-ol-0-0-11313]). In addition to breast cancer, significant upregulation of MARCKSL1 has been reported in esophageal squamous cell carcinoma ([@b23-ol-0-0-11313]), muscle-derived cancer ([@b17-ol-0-0-11313]) and uterine cancer ([@b17-ol-0-0-11313]). However, the expression and the exact role of MARCKSL1 in lung cancer have not been extensively studied. The present study revealed the therapeutic potential of MARCKSL1 in lung adenocarcinoma and determined its contribution to the progression of the disease.

Materials and methods
=====================

### Cell culture

The human lung adenocarcinoma cell lines H2122, H23, A549, H1975 and H820 and the normal human lung epithelial cell line BEAS-2B were purchased from Jennio Bioech Co., Ltd. Cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (HyClone; GE Healthcare Life Sciences), 2 mM glutamine (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin (Sigma-Aldrich; Merck KGaA) in an incubator containing 5% CO~2~ at 37°C.

### Immunohistochemistry (IHC)

A total of five formalin-fixed, paraffin-embedded human lung adenocarcinoma tissues and one healthy lung tissue were purchased from Shanghai Outdo Biotech Co., Ltd. Tissues were incubated in 10% formalin at room temperature for 72 h. The tissue sections (6-µm thick) were deparaffinized using xylene at room temperature and antigen retrieval was subsequently performed by incubating the sections in 1X citrate buffer (cat. no. C999; Sigma-Aldrich, Merck KGaA) at 100°C for 10 min. Tissue sections were then blocked with the 2.5% normal horse serum (cat. no. S-2012; Vector Laboratories, Inc.) at room temperature for 30 min and incubated with primary antibodies directed against MARCKSL1 (cat. no. PA5-56495; 1:2,000; Thermo Fisher Scientific, Inc.) and biotin (cat. no. SP-2001; 1:10; Vector Laboratories, Inc.) overnight at 4°C. After that, tissue sections were incubated with a ready-to-use biotinylated pan-specific antibody (cat. no. BP-1400; Vector Laboratories, Inc.) for 30 min at room temperature. The slides were subsequently stained with 3,3′-diaminobenzidine (cat. no. SK-4100; Vector Laboratories, Inc.) for 3 min at room temperature and counterstained with hematoxylin (cat. no. H-3404; Vector Laboratories, Inc.) for 1 min at room temperature. The stained slides were scanned with a PathScope pathology slide scanner (Gene Tech Biotechnology Co., Ltd.).

### RNA extraction and reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using a SuperScript™ III First-Strand Synthesis system (cat. no. 18080-051; Invitrogen, Thermo Fisher Scientific, Inc.) containing first strand Moloney murine leukemia virus reverse transcriptase (cat. no. 18080-051; Invitrogen, Thermo Fisher Scientific, Inc.), random hexamers, dNTPs and RT buffer as previously described ([@b24-ol-0-0-11313]). The qPCR MARCKSL1 primer set was purchased from Thermo Fisher Scientific, Inc. (cat. no. 4331182) The sequence of the forward primer was 5′-CAGGCTACAGAGCCATCCACTC-3′ and the sequence of the reverse primer was 5′-GCAGCTTAGAGATCACCCACCT-3′. qPCR was performed on a CFX96™ real-time PCR detection system (Bio-Rad Laboratories, Inc.) using the DyNamo ColorFlash Probe qPCR Kit (cat. no. F465S; Thermo Fisher Scientific, Inc.). The thermocycling conditions used were as follows: 7 min at 95°C followed by 3 sec at 95°C and 30 sec at 60°C for 40 cycles with data collection at 60°C. MARCKSL1 mRNA levels were quantified using the 2^−ΔΔCq^ method ([@b25-ol-0-0-11313]) and normalized to the internal reference gene GAPDH (forward primer, 5′-CATCACTGCCACCCAGAAGACTG-3′ and reverse, 5′-ATGCCAGTGAGCTTCCCGTTCAG-3′).

### Cell transfection

Two small interfering (si) RNAs targeting human MARCKSL1 (cat. nos. J-018697-06-0002, sequence, 5′-CCAAGAAGAAGAAGAAAUU-3′; J-018697-09-0002, sequence, 5′-GGAGAAUGGCCACGUGAAAUU-3′) and a non-targeting siRNA (cat. no. D-001810-01-05, sequence, 5′-UGGUUUACAUGUCGACUAA-3′) were obtained from GE Healthcare Dharmacon, Inc. A549 and H1975 cells were seeded at a density of 2.5×10^5^ cells/well in a 6-well plate 24 h prior to transfection. 50 pM siRNA and 10 µl DharmaFECT transfection reagent (cat. no. T-2001-01; Dharmacon, Inc.) were added to 190 µl Opti-MEM media (cat. no. 31985062; Thermo Fisher Scientific, Inc.) in two separate tubes and allowed to incubate for 5 min at room temperature. The contents of the two tubes were subsequently combined, gently stirred and incubated for 20 min at room temperature. The cell culture medium RPMI 1640 (Thermo Fisher Scientific, Inc.) was replaced with 400 µl transfection medium in 2 ml RPMI 1640 medium (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (HyClone; GE Healthcare Life Sciences) and 2 mM glutamine (Gibco; Thermo Fisher Scientific, Inc.), without penicillin and streptomycin. RT-qPCR and western blotting were performed to assess the knockdown efficiency 48 h after transfection.

### Western blot analysis

BEAS-2B, H2122, H23, A549, H1975 and H820 cells were lysed using RIPA buffer (150 mM sodium chloride, 1% NP-40, 0.5% SDS, 0.1% sodium deoxycholate and 50 mM Tris; pH 7.4) supplemented with protease and phosphatase inhibitor cocktail. Total protein was quantified using a bicinchoninic acid assay and 20 µg protein per lane were separated via SDS-PAGE on 4--20% gels (cat. no. 4561096; Bio-Rad Laboratories, Inc.). The separated proteins were subsequently transferred onto PVDF membranes and blocked in 1% casein in TBS at room temperature for 1 h. The membrane was incubated with primary antibodies against MARCKSL1 (cat. no. PA5-56495; 1:2,000; Thermo Fisher Scientific, Inc.), E-cadherin (cat. no. 610181; 1:2,500; BD Biosciences), N-cadherin (cat. no. 610920; 1:2,500; BD Biosciences), vimentin (cat. no. 5741; 1:1,000; Cell Signaling Technology), snail family transcriptional repressor 2 (SNAI2; cat. no. 9585; 1:1,000; Cell Signaling Technology), phosphorylated-AKT (p-AKT; cat. no. 4060; 1:1,000; Cell Signaling Technology), AKT (cat. no. 4691; 1:1,000; Cell Signaling Technology) and GAPDH (cat. no. 5174; 1:5,000; Cell Signaling Technology) overnight at 4°C. Membranes were then washed with TBST buffer and probed with secondary peroxidase-conjugated antibodies (cat. nos. 7074 and 7076; both 1:2,000; Cell Signaling Technology) for 1 h at room temperature. The proteins were visualized using Immobilon Western Chemiluminescent HRP substrate (cat. no. WBKLS0500; EMD Millipore).

### Cell proliferation analysis

A total of 50,000 A549 and H1975 cells per well were plated in RPMI 1640 medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in 12-well plates and incubated at 37°C. A total of 24, 48 and 72 h after plating, the cells were harvested and resuspended in 500 µl PBS. A total of 500 µl 0.4% trypan blue solution (cat. no. 15250061; Thermo Fisher Scientific, Inc.) was added to each sample and the cells were counted using a Bio-Rad TC20 automated cell counter (Bio-Rad Laboratories, Inc.).

### Cell viability assay

A total of 2,000 A549 and H1975 cells were plated per well in a 96-well plate and incubated for 72 h at 37°C. The cells were subsequently allowed to equilibrate to room temperature for \~30 min and 100 µl CellTiter-Glo reagent (Promega Corporation) was added per well. Luminescence was recorded using a microplate luminometer.

### Wound-healing assay

A total of 2×10^5^ A549 and H1975 cells per well were plated in RPMI 1640 medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in a 12-well plate. When the cells reached 95--100% confluence, the medium was replaced with RPMI 1640 supplemented with 0.5% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. After overnight incubation, a linear wound was made with a 200 µl pipette tip. Cell migration into the wound area was monitored at 0 and 28 h using a light microscope (magnification, ×5).

### Boyden chamber invasion assay

A total of 15,000 cells in serum-free RMPI 1640 medium were seeded in Matrigel-coated chambers (8-µm pore size; cat. no. 354480; BD Biosciences). RPMI 1640 medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin was added to each well outside the chambers. The cells were incubated at 37°C for 24 h. The invading cells were subsequently fixed in 100% methanol for 10 min at room temperature, stained with 0.5% crystal violet for 20 min at room temperature and visualized using a light microscope in eight randomly selected fields (magnification, ×10).

### Spheroid invasion assay

Spheroids were formed by adding 100 µl media containing 5,000 cells to each well in a 96-well round bottom low attachment plate (Corning, Inc.). Spheroids were incubated at 37°C for 3 days. Spheroids were then plated in 8-well LabTek chambered slide with 250 µl PureCol^®^ collagen solution (2 mg/ml; PureCol). After 24 h, invading cells were recorded using a light microscope (magnification, ×5).

### Oncomine analysis

The Oncomine database ([www.oncomine.org](www.oncomine.org)), a bioinformatics tool containing \>18,000 cancer gene expression microarrays ([@b26-ol-0-0-11313]), was researched for MARCKSL1 gene. 'Cancer versus normal analysis' was chosen for analysis type and 'lung cancer' was chosen for cancer type so that the data sets containing MARCKSL1 expression data for lung cancer versus normal lung tissue was analyzed and displayed.

### Statistical analysis

All data are derived from at least three independent experiments and are presented as the mean ± standard deviation. One-way ANOVA and the Bonferroni post hoc test were used to compare replicate means where each column in a row was compared with all other columns using GraphPad Prism software (version 7; GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference. Survival curves were plotted using the Kaplan-Meier method as described previously ([@b27-ol-0-0-11313]), and compared using the hazard ratio (HR), 95% CI and log-rank P-values.

Results
=======

### MARCKSL1 expression is upregulated in lung adenocarcinoma

The MARCKSL1 gene expression level in lung cancer and normal tissues was investigated. The Oncomine database ([www.oncomine.org](www.oncomine.org)), which is a bioinformatics tool containing \>18,000 cancer gene expression microarrays ([@b26-ol-0-0-11313]), was used. A total of six datasets ([@b28-ol-0-0-11313]--[@b33-ol-0-0-11313]) containing gene expression profiles for tumor and normal tissues downloaded from the Oncomine database. MARCKSL1 mRNA levels were significantly increased in tumor tissues compared with normal tissues in the six datasets downloaded from the Oncomine database. Data from one database are shown in [Fig. 1A](#f1-ol-0-0-11313){ref-type="fig"} (fold change, 2.93; P\<0.001) and all six results are presented in [Table SI](#SD1-ol-0-0-11313){ref-type="supplementary-material"}. In addition, the Kaplan-Meier plotter online database ([kmplot.com/analysis](kmplot.com/analysis)) was used to investigate the effect of MARCKSL1 expression on the survival rate of patients with lung adenocarcinoma. A total of 720 patients were included in the analysis. The expression range was from 280 to 14,567 and the cut-off value was 2,763. High expression of MARCKSL1 was associated with poor survival rate in lung adenocarcinoma patients ([Fig. 1B](#f1-ol-0-0-11313){ref-type="fig"}). To further investigate MARCKSL1 expression in tumor tissues, the expression pattern of MARCKSL1 in five human lung adenocarcinoma and one normal lung samples ([Table SII](#SD1-ol-0-0-11313){ref-type="supplementary-material"}) was investigated using IHC. The level of MARCKSL1 protein expression was increased in lung adenocarcinoma tissue compared with normal lung tissues ([Fig. 1C](#f1-ol-0-0-11313){ref-type="fig"}). For further validation, the MARCKSL1 mRNA expression level in five lung adenocarcinoma cell lines (H2122, H23, A549, H1975 and H820) and one normal human lung epithelial cell line (BEAS-2B) was assessed using RT-qPCR. The present results suggested that MARCKSL1 mRNA level was significantly increased in four lung adenocarcinoma cell lines (H23, A549, H1975 and H820) compared with the BEAS-2B cell line ([Fig. 1D](#f1-ol-0-0-11313){ref-type="fig"}). Furthermore, the protein expression level of MARCKSL1 was increased in the aforementioned four lung adenocarcinoma cells compared with the BEAS-2B cell line ([Fig. 1E](#f1-ol-0-0-11313){ref-type="fig"}), in line with the RT-qPCR results. Taken together, the present data indicated that MARCKSL1 was upregulated in lung adenocarcinoma, suggesting that it may serve a role in tumor progression.

### siRNA effectively suppresses MARCKSL1 expression in lung adenocarcinoma cells

To investigate the functional role of MARCKSL1 in lung adenocarcinoma, two lung adenocarcinoma cell lines, A549 and H1975, which exhibit high levels of MARCKSL1 expression, were selected for further study. A549 and H1975 cells were transfected with two MARCKSL1-specific siRNAs and RT-qPCR revealed that both siRNAs resulted in MARCKSL1 downregulation compared with control cells transfected with scrambled siRNA ([Fig. 2A](#f2-ol-0-0-11313){ref-type="fig"}). Western blotting produced similar results, suggesting that MARCKSL1 protein expression was significantly suppressed following transfection with MARCKSL1 siRNAs in A549 and H1975 cell lines ([Fig. 2B](#f2-ol-0-0-11313){ref-type="fig"}).

### Silencing of MARCKSL1 suppresses the proliferation and viability of lung adenocarcinoma cells

It has been shown that MARCKS increases cell proliferation in renal cell carcinoma ([@b34-ol-0-0-11313]). As a MARCKS family member that shares \~50% amino acid homology with MARCKS, MARCKSL1 was demonstrated to promote the proliferation of certain cells, including retinal progenitor cells ([@b35-ol-0-0-11313]). The effect of MARCKSL1 on the proliferation of lung adenocarcinoma cells was investigated. As shown in [Fig. 3A](#f3-ol-0-0-11313){ref-type="fig"}, the proliferation of A549 and H1975 cells transfected with MARCSKL1-specific siRNAs was significantly decreased compared cells transfected with control siRNA. Similar results were obtained using the CellTiter-Glo assay, which is based on ATP levels in the cells. The luminescence in cells transfected with MARCKSL1 siRNAs was significantly decreased compared with cells transfected with control siRNA ([Fig. 2B](#f2-ol-0-0-11313){ref-type="fig"}), suggesting that the cells were less viable. Therefore, downregulation of MARCKSL1 expression inhibited the proliferation and viability of lung adenocarcinoma cells.

### Suppression of MARCKSL1 inhibits migration and invasion of lung adenocarcinoma cells

When culturing the cells, the extent of cell spreading and surface protrusions was reduced in A549 and H1975 cells transfected with MARCKSL1 siRNAs compared with control siRNA ([Fig. 4A](#f4-ol-0-0-11313){ref-type="fig"}). This suggested an inhibition of filopodia and lamellopodia formation, and a reduction of cell motility. Therefore, wound healing and Boyden chamber invasion assays were performed to evaluate cell migration and invasion, respectively. The migratory ability of A549 and H1975 cells was significantly impaired in the MARCKSL1 siRNA group compared with the control siRNA group ([Fig. 4B](#f4-ol-0-0-11313){ref-type="fig"}). A similar decrease in cell invasion ability was observed ([Fig. 4C](#f4-ol-0-0-11313){ref-type="fig"}). The effect of MARCKSL1 on H1975 cell invasion was further investigated using a 3D model. H1975 cells transfected with MARCKSL1 siRNAs or control siRNA were used to form spheroids, which were subsequently embedded in collagen gel. After 24 h, fewer cells transfected with MARCKSL1 siRNAs had moved out of the spheroids and into the surrounding collagen compared with cells transfected with the siRNA control ([Fig. 4D](#f4-ol-0-0-11313){ref-type="fig"}). These results suggested that MARCKSL1 increased the migration and invasion abilities of lung adenocarcinoma cells.

### MARCKSL1 promotes epithelial-mesenchymal transition (EMT) in lung adenocarcinoma cells

EMT plays an important role in normal development as well as tumor progression, and EMT causes epithelial cells to acquire mesenchymal and fibroblast-like properties and to show reduced intercellular adhesion and increased mobility. The expression of EMT-associated genes in siRNA-transfected A549 and H1975 cells was investigated. Western blot analysis revealed that the expression of the epithelial marker E-cadherin was upregulated, whereas the expression of the mesenchymal markers N-cadherin and vimentin were downregulated in A549 and H1975 cells transfected with MARCKSL1 siRNAs compared with control siRNA ([Fig. 5](#f5-ol-0-0-11313){ref-type="fig"}). SNAI2, a key regulator of EMT that suppresses the transcription of E-cadherin ([@b36-ol-0-0-11313]), was also suppressed following MARCKSL1 knockdown. It has been shown that the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway plays an important role in promoting EMT in various types of cancer including breast, lung and colorectal cancer ([@b37-ol-0-0-11313]--[@b39-ol-0-0-11313]). Therefore, the effect of MARCKSL1 expression on the PI3K/AKT signaling pathway was investigated in A549 and H1975 cells. AKT is activated by phosphorylation of the carboxy terminus at S473 ([@b40-ol-0-0-11313]). Compared with A549 and H1975 cells transfected with control siRNA, cells transfected with MARCKSL1 exhibited decreased AKT phosphorylation at S473, while the total AKT remained unchanged ([Fig. 5](#f5-ol-0-0-11313){ref-type="fig"}). The results obtained in the current study revealed that MARCKSL1 activated the AKT signaling pathway, facilitated EMT and promoted the migration and invasion of lung adenocarcinoma cells *in vitro*.

Discussion
==========

Since the MARCKS protein was identified in the early 1980s, its role in regulating cell movement has been extensively studied. MARCKS plays important roles during embryonic development ([@b9-ol-0-0-11313],[@b10-ol-0-0-11313]) and in tumor progression ([@b14-ol-0-0-11313],[@b34-ol-0-0-11313]). However, the expression levels and function of MARCKSL1 in lung cancer remain unclear.

In the present study, IHC revealed that MARCKSL1 protein levels were increased in human lung adenocarcinoma specimens compared with adjacent noncancerous and normal lung tissues. Furthermore, MARCKSL1 mRNA and protein levels were increased in a number of adenocarcinoma cell lines compared with the normal human lung epithelial cell line BEAS-2B. In six sets of microarray data downloaded from the Oncomine database, which included MARCKSL1 expression levels in lung adenocarcinoma and normal lung tissues, the expression levels of MARCKSL1 were significantly increased in lung adenocarcinoma tissues compared normal tissues. The results in the present study were similar to previous results investigating the Human Protein Atlas, where MARCKSL1 expression was detected in six lung adenocarcinoma specimens using IHC, with high-intensity staining observed in 4/6 samples and medium-intensity staining observed in 2/6 samples ([@b41-ol-0-0-11313]). Therefore, MARCKSL1 may serve as a potential therapeutic target for the diagnosis and prognosis prediction of lung adenocarcinoma. Interestingly, MARCKL1 was detected in 3/5 squamous cell carcinoma specimens in the Human Protein Atlas, with medium- and low-intensity staining observed in two and one samples, respectively. These previous results suggested that the expression level of MARCKSL1 may vary among different types of lung tumors ([@b42-ol-0-0-11313]).

The present study investigated the function of MARCKSL1 in two lung adenocarcinoma cell lines, A549 and H1975. Silencing of MARCKSL1 by siRNA transfection significantly decreased the proliferation, migration and invasion of these cells compared with cells transfected with control siRNA. Metastases are responsible for the majority of cancer-associated mortalities, including lung cancer ([@b3-ol-0-0-11313],[@b43-ol-0-0-11313],[@b44-ol-0-0-11313]). EMT promotes metastasis in epithelial-derived carcinoma as it allows cells to acquire mesenchymal, fibroblast-like properties, consequently increasing motility and invasiveness ([@b37-ol-0-0-11313]). An important molecular feature of EMT is the downregulation of E-cadherin, a cell adhesion molecule located on the surfaces of normal epithelial and carcinoma cells ([@b45-ol-0-0-11313],[@b46-ol-0-0-11313]). Increased E-cadherin levels are often associated with reduced invasion and metastasis of human breast epithelial cells ([@b47-ol-0-0-11313]). N-cadherin, another member of the cadherin family, promotes invasion in breast, prostate, pancreatic and squamous cell carcinoma ([@b48-ol-0-0-11313]). Vimentin is an intermediate filament protein expressed in mesenchymal cells and is a widely used marker of EMT ([@b49-ol-0-0-11313]--[@b51-ol-0-0-11313]). SNAI2, a zinc finger transcriptional factor, suppresses the expression of E-cadherin and serves as an important inducer of EMT ([@b52-ol-0-0-11313]). The present study revealed the upregulation of E-cadherin and downregulation of N-cadherin, vimentin and SNAI2 in A549 and H1975 cells following MARCKSL1 knockdown, indicating that EMT was suppressed. The present data support the hypothesis that MARCKSL1 promotes EMT and increases the invasion and migration abilities of lung adenocarcinoma cells.

Accumulating evidence has demonstrated that the activation of the AKT signaling pathway is a key feature of EMT ([@b53-ol-0-0-11313]--[@b55-ol-0-0-11313]). AKT signaling inhibits SNAIL1 phosphorylation while its inhibition decreases the level of SNAIL1 expression ([@b54-ol-0-0-11313]). SNAIL1 downregulates E-cadherin and stimulates EMT in human colon adenocarcinoma HT-29-M6 cells ([@b56-ol-0-0-11313]). Furthermore, AKT phosphorylates and activates hypoxia inducible factor 1 subunit α without a physical heat shock, leading to the upregulation of SNAI2 and promoting EMT ([@b57-ol-0-0-11313]). The present study revealed that AKT phosphorylation was decreased following MARCKSL1 knockdown, suggesting that the AKT/SNAI2 signaling pathway may serve a role in MARCSKL1-induced EMT. As AKT serves important roles in several signaling pathways and is involved in a number of cellular processes, including glucose metabolism and apoptosis ([@b58-ol-0-0-11313]), MARCKSL1 may serve as a novel therapeutic target that may be used in combination with other agents in cancer treatment ([@b59-ol-0-0-11313]--[@b63-ol-0-0-11313]).

MARCSKL1 is an important regulatory molecule that mediates mucin granule release by human bronchial epithelial cells ([@b64-ol-0-0-11313]). A peptide identical to the N-terminal 24-amino acid fragment of MARCKS, the MARCKS N-terminus sequence (MANS) peptide, competitively inhibits the binding of MARCKS to the membranes of mucin-secreting granules and attenuates mucus release from goblet cells ([@b65-ol-0-0-11313]). Interestingly, MANS peptide treatment inhibited MARCKS function during fibroblast and lung cancer migration and impaired the metastatic potential of invasive lung cancer cells *in vivo* ([@b33-ol-0-0-11313],[@b66-ol-0-0-11313]). Since MARCKSL1 is a MARCKS homolog, and both proteins have highly conserved regions and similar functions in regulating cell migration ([@b16-ol-0-0-11313]), it is likely that peptides identical to the N-terminus of MARCKSL1 may inhibit its function and suppress lung adenocarcinoma cell proliferation, migration and invasion. Further studies are required to evaluate the efficacy of such peptides.

In summary, the results obtained in the current study suggested that MARCKSL1 expression was significantly increased in human lung adenocarcinoma, suggesting that MARCKSL1 may be a negative prognostic factor. Furthermore, MARCKSL1 promoted cell proliferation, migration and invasion of lung adenocarcinoma cells by regulating the AKT/SNAI2 pathway-induced EMT. MARCKSL1 may therefore serve as a potential therapeutic target for lung adenocarcinoma and the potential application of MANS-similar peptides to inhibit MARCKSL1 should be further investigated.
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![MARCKSL1 is dysregulated in human lung adenocarcinoma and cell lines. (A) MARCKSL1 mRNA levels were analyzed in six lung adenocarcinoma and normal lung tissue microarray datasets downloaded from the Oncomine database. The results of a representative dataset are presented. (B) KM plots of patients with lung adenocarcinoma with different MARCKSL1 mRNA expression levels (high vs. low) as found in the KM-Plotter database. (C) Representative normal lung and lung adenocarcinoma specimens stained with MARCKSL1. The MARCKSL1 (D) mRNA and (E) protein levels in five lung adenocarcinoma cell lines and a normal lung epithelial cell line were determined by reverse transcription-quantitative PCR and western blotting, respectively. Data are presented as the mean ± standard error of the mean of three independent experiments. \*\*\*P\<0.001. MARCKSL1, MARCKS like 1; KM, Kaplan-Meier; HR, hazard ratio.](ol-19-03-2272-g00){#f1-ol-0-0-11313}

![MARCKS expression in the lung adenocarcinoma cell lines A549 and H1975 is suppressed following siRNA knockdown. A549 and H1975 cells were transfected with either non-targeting siRNA or MARCKSL1-directed siRNAs, and the (A) mRNA and (B) protein levels of MARCSKL1 in these cells were determined by reverse transcription-quantitative PCR and western blotting, respectively. \*\*P\<0.01 and \*\*\*P\<0.001 vs. control siRNA. MARCKSL1, MARCKS like 1; si, small interfering.](ol-19-03-2272-g01){#f2-ol-0-0-11313}

![MARCKL1 knockdown inhibits cell proliferation and decreased cell viability. (A) The proliferation of transfected A549 and H1975 cells was analyzed using trypan blue and an automated cell counter. (B) The effect of MARCKSL1 knockdown on cell viability was evaluated by CellTiter-Glo assay. Data are presented as the mean ± standard error of the mean of three independent measurements. \*\*P\<0.01 and \*\*\*P\<0.001 vs. control siRNA. MARCKSL1, MARCKS like 1; si, small interfering; RLU, relative luminescence unit.](ol-19-03-2272-g02){#f3-ol-0-0-11313}

![MARCKL1 knockdown inhibits the migration and invasion of the lung adenocarcinoma cell lines H1975 and A549. (A) The morphology of H1975 cells transfected with MARCKSL1 siRNA and control siRNA was evaluated using a light microscope (magnification, ×10). (B) Wound-healing assay was performed to evaluate the cell migratory ability of transfected A549 and H1975 cells using a light microscope (magnification, ×5). (C) The invasion ability of A549 and H1975 cells was evaluated by a Boyden chamber invasion assay using a light microscope (magnification, ×10). (D) The 3D spheroid invasion assay was performed to analyze the effect of MARCKSL1 knockdown on cell invasion using a light microscope (magnification, ×5). \*P\<0.05 and \*\*P\<0.01 vs. control siRNA. MARCKSL1, MARCKS like 1; si, small interfering.](ol-19-03-2272-g03){#f4-ol-0-0-11313}

![Knockdown of MARCKSL1 suppresses epithelial-mesenchymal transition-associated proteins and AKT activation. Expression of E-cadherin, N-cadherin, vimentin, SNAI2, p-AKT and AKT was evaluated by western blotting. GAPDH served as loading control. Multiple bands were observed for E-cadherin and N-cadherin due to post-translational modifications as previously described ([@b67-ol-0-0-11313],[@b68-ol-0-0-11313]). MARCKSL1, MARCKS like 1; AKT, protein kinase B; si, small interfering; SNAI2, snail family transcriptional repressor 2; p, phosphorylated.](ol-19-03-2272-g04){#f5-ol-0-0-11313}
